Given the limitations of the short life span and the highly unpredictable environment of branchiopods, a spatial differentiation strategy may become an immediate issue rather than a long-term life history adaptation to potential interspecific competition for a multi-species branchiopod community. We found an ephemeral pool in northern Taiwan with three sympatric branchiopods, Branchinella kugenumaensis (Ishikawa, 1895), Eulimnadia braueriana (Ishikawa, 1895), and Lynceus biformis (Ishikawa, 1895), and thus we aim to explore the spatial distribution patterns among these three species. We measured the density distributions of these species during two inundation episodes (2008P1 and 2008P2) that lasted for 6 and 32 days respectively. Significant differences in both horizontal and vertical distribution of these species were observed. Horizontally, each species showed its own spatial hotspots, but the hotspots changed irregularly every day. Vertically, while B. kugenumaensis gathered in the upper strata, L. biformis spread over a wide range of depths, with increasing dominance towards the deeper layers. Eulimnadia braueriana, on the other hand, showed no significant pattern of vertical distribution due to its small population size. We suggest that the significant differences in the spatial distribution of these sympatric branchiopod populations can be an adaptive strategy under the selective stresses of high unpredictability and variability.
INTRODUCTION
Ephemeral pools are unique aquatic habitats characterized by periodic drought and inundation (Williams, 1985; Brendonck, 1996; Simovich and Hathaway, 1997) and usually forms after snowmelt in spring (Daborn, 1975; Mossin, 1986; Saiah and Perrin, 1990; Mura, 2001; Zarattini and Mura, 2007) , seasonal river flooding (Eder and Hödl, 2002) , artificial irrigation as in rice paddies (Grygier et al., 2002) , or heavy rainfall (Huang et al., 2010) . Many ephemeral pools are dominated by branchiopods, including fairy shrimps (Anostraca) and clam shrimps (Laevicaudata and Spinicaudata). The highly uncertain and unpredictable durations of ephemeral pools impose selective pressures on resident organisms, forming unique adaptive life history strategies (Hildrew, 1985; Hamer and Appleton, 1991; Brendonck, 1996; Brooks, 2000; Bauder, 2005; Huang et al., 2010 Huang et al., , 2011 .
The adaptive strategies of life histories can be complicated by interspecific competition among sympatric branchiopods. Whenever an ephemeral pool is inundated, different branchiopod species may hatch and mature within a short time while the pool is shrinking (Bernice, 1972; Thiéry, 1991; Hathaway and Simovich, 1996; Petrov and Cvetković, 1997; Grygier et al., 2002; Timms and Sanders, 2002; Waterkeyn et al., 2009) . Potentially high interspecific competition for food and space can be expected in a scenario where the habitat range shrinks but population density increases continuously. The pressure from potential competition is suggested to be reduced or avoided by differentiated days of * Correspondence author; e-mail: chouls@ntu.edu.tw hatching (Bernice, 1972; Hathaway and Simovich, 1996; Rogers and Fugate, 2001; Waterkeyn et al., 2009) or maturation/spawning (Mura, 1991; Thiéry, 1991; Rogers and Fugate, 2001; Beladjal et al., 2003) . These strategies, however, usually require longer inundation period, otherwise approximately synchronized life cycle will be expected to occur in habitats with short inundation periods. Facing the natural stochasticity of ephemeral systems, in which the duration of inundation can vary greatly, the late emerging and slower growing taxa will have a higher risk of insufficient time to reach sexual maturity. If the inundation duration is restricted to only a few weeks, as in the case for Siangtian Pond in Taiwan (Huang et al., 2010 (Huang et al., , 2011 , where most inundation events last for two weeks, the above-mentioned strategies may not be able to evolve. In these situations, alternative strategies of differentiated spatial distribution (Hamer and Appleton, 1991; Thiéry, 1991) or food resource partitioning, accompanied by different feeding modes (Modlin, 1982) , may evolve to reduce the potential competition. Related studies, however, have not been reported, especially in a highly unstable and short lived ephemeral pool.
In this study, we present the results of a detailed study of the spatial distribution of three sympatric branchiopods, the fairy shrimp Branchinella kugenumaensis (Ishikawa, 1895) , the spinicaudatan clam shrimp Eulimnadia braueriana (Ishikawa, 1895) (cf. Weeks et al., 2006; Wan-Ping Huang, unpublished) , and the laevicaudatan clam shrimp Lynceus biformis (Ishikawa, 1895) , in Siangtian Pond, a highly unpredictable ephemeral pool in northern Taiwan, with a relatively short but widely varying inundation duration. We compared and analyzed the spatial distribution densities of these three taxa in both the horizontal and vertical axes.
MATERIAL AND METHODS
Study Site The study site, Siangtian Pond (818 m a. s. l., 25
• 10 26 N, 121
• 29 56 E), was once a crater of a now-extinct volcano (Mt. Siangtian) located in Yangmingshan National Park in northern Taiwan. The basin with diameter around 100 m can be quickly filled by summer rains typically associated with the typhoon season. The depth and area of Siangtian Pond, whenever it forms, vary greatly with the unpredictable rainfall and can reach to more than 4 m in depth and 80 m in diameter. Without the replenishment of further rainfall, Siangtian Pond usually dries out in less than three weeks primarily due to the porous volcanic soil. Occasionally, replenishing rainfall may arrive in time to refill the drying pool and prolong the inundation period by as much as one month (Huang et al., 2010) . Water temperature averaged 21.8
• C (S.D. = 1.6) during the field survey season.
Field Surveys During the period of June to October, 2008, Siangtian Pond was inundated by heavy typhoon rainfall, which formed two inundation cohorts (2008P1 and 2008P2, Huang et al., 2010 . Specimens of B. kugenumaensis, E. braueriana, and L. biformis were collected by sweeping a plankton net (length × width = 14.5 cm × 12 cm, mesh size = 0.5 mm) by the senior author only (with practices in two inundation periods of the previous year) with each sweep covering about 30 cm in horizontal distance. Thus, each sweep collected a volume approximately equivalent to 5 L of water. In addition, each sweeps did not start until at least 30 seconds for pausing action of the sweeper. All branchiopods collected were enumerated.
The sampling sweeps were designed to start from the pool edge and move concentrically along the isobath lines of the pool (Fig. 1) . GPS coordinate at each site was recorded (by GARMIN, GPS 12XL). Each sampling site was further stratified vertically in intervals of 30 cm and recorded as depth layers (j = 1∼9).
The number of collected branchiopods was then divided by 5 L to represent the density of the branchiopods (D ij ) of each sweep at site i and depth j . The mean density of branchiopods at the i th sampling site was calculated by
During 2008P1, we conducted three surveys on Days 3, 4 and 5. During 2008P2, we conducted 15 surveys within 32 days of inundation on Days 5, 9, 10, 12, 13, 19, 20, 23, 24, 26, 27, 28, 30, 31, and 32 . However, six of surveys during 2008P2 were not included in the present study, due to incomplete sampling resulting from either dangerously inclement weather on the ninth and tenth days, or extremely deep water levels caused by abundant accumulated rainfall on Days 5, 19, and 20. Branchiopod sampling started at around 09:00 and finished before dark. The data collected on Day 32 were also excluded because the pool had become too small to study spatial distribution. These disregarded surveys plus non-survey days thus delayed our first successful survey until Day 12. In total, we collected brachiopods from 245 sample sweeps and 702 sampling sweeps at various depths over the two inundation periods, respectively. To determine the relative dominance among species of each sweeping, we calculated the ratio of density between each pair of species. We divided the density of less numerous species (d low ) by density of more numerous species (d high ) to obtain the evenness index (E i,j ) between two species at site i and depth j ,
In this expression, evenness of 0 and 100 represented two extremes of distribution, E = 0 for lacking one species, and E = 100 for even distribution between the two compared species. The dominance of one species over another species at each sweeping site was defined by criteria E < 50, while two species close to co-dominate by high overlapping with E 50. Then, the frequency of sweeps dominated by each species can be summed and compared along the gradient of depth. Table 1 ). The first episode (2008P1) lasted 6 days, while the second one (2008P2) lasted 32 days due to several heavy rains in quick succession, showing two peaks of inundation depth. On that occasion, the water depth reached its maximum of 640 cm when the first typhoon arrived and then decreased to 310 cm on Day 14 before the arrival of the second typhoon, whereupon the water level then increased to 530 cm. maensis and E. braueriana (Fig. 2) was not random except for the last (fifth) day (χ 2 = 35.8 and 55.4, p < 0.001 for B. kugenumaensis and E. braueriana, respectively). In addition, both species showed a tendency to aggregate along the edges of the pond. Figure 3 shows the vertical distribution of dominance frequency of each species along three depth layers, which showed some tendency that B. kugenumaensis aggregated more at surface layer.
RESULTS

Two inundation episodes of Siangtian Pond were monitored between June and October in 2008 (
The average of evenness values (E i,j ) between B. kugenumaensis and E. braueriana (Fig. 4) were mostly low (mean = 36 and 22.4, S.D. = 36 and 31.6 for B. kugenumaensis and E. braueriana in dominance respectively), which means that one species was dominant at most sampling sites.
Cohort 2008P2
During the extended inundation period, all three taxa hatched and reached sexual maturity. Their spatial distribution appeared to be very complicated, due not only to the community compositional change of three instead of two species, but also to the unusual water level fluctuations brought about by two successive inundation events.
The horizontal distribution D i of these three species was not random from Day 12 to 31 (χ 2 = 209.9, 42.7 and 105.3, p < 0.001 for B. kugenumaensis, E. braueriana, and L. biformis respectively) (Fig. 5) . Prior to the replenishing rain- fall, B. kugenumaensis and L. biformis co-dominated in density, with some E. braueriana scattered in (Fig. 5A, B) . After the rainfall, however, the community composition structure changed significantly, with L. biformis becoming the most dominant species in the last period of 2008P2-1 (Fig. 5C) . Then, L. biformis decreased again and codominated with B. kugenumaensis, while E. braueriana declined to an extremely small number (Fig. 5D-I) . Nevertheless, the hotspot locations of each taxon changed every day without obvious pattern; B. kugenumaensis showed a clear tendency to aggregate in peripheral regions, and L. biformis was distributed widely over the whole area. The population of E. braueriana almost disappeared after Day 24, appearing at very low density at a few sites only. The sampled numbers of individuals were too small for statistical analysis, so we excluded the data of E. braueriana after Day 24.
The vertical distribution varied among species. The density of B. kugenumaensis, E. braueriana, and L. biformis in different depth layers was not random either (χ 2 = 1783.9, 507 and 2018.6, p < 0.001 for these three species). Figure 6 shows the dominant frequency (in absolute and relative frequency) of each species in all species pairs along the gradient of water depth in 2008P2. It is clear to see B. kugenumaensis distributed majorly in most superficial layer with depth no more than 30 cm, while L. biformis thrived below 60 cm. E. braueriana did not show significant tendency of distribution across depth layers.
The frequency distribution of the evenness index (E i,j ) of each species pair among B. kugenumaensis, E. braueriana, and L. biformis (Fig. 7) displayed an obvious tendency of gravitating toward the lower values (mean = 22.5, 28, and 14.7, S.D. = 32.3, 42.1, and 26.5 for B. kugenumaensis, E. braueriana, and L. biformis in dominance respectively), which mean that there was only one dominant species in the great majority of the sampling sweeps.
To summarize: 1) in terms of horizontal distribution, each sampling site was usually dominated by one species, but the species-specific hotspots changed irregularly over time; 2) in terms of vertical distribution, the fairy shrimp B. kugenumaensis was mainly dominant in surface layers, while the clam shrimp L. biformis was abundant across the whole range of depths, and more dominant than the other two species in the deeper layers, while the clam shrimp E. braueriana showed no convincing pattern; 3) the overall pattern of dominance indicated by evenness index of species pair inclined toward lower values, indicating that there was only one dominant species in the majority of sampling sweeps.
DISCUSSION
Coexistence of different branchiopod species with similar niches in a temporary pool may be accomplished through various strategies of niche differentiation, allowing species to partition resources in space or time (Waterkeyn et al., 2009) . The characteristics of the inundation regime of the highly unstable Siangtian Pond, including quick filling by typhoon rains, relatively large volume, large depth, fast percolation rate, and short inundation period (Huang et al., 2010 (Huang et al., , 2011 , constraint the inhabiting branchiopods to adapt a more-or-less synchronized life cycle. The reduction or avoidance of competition pressure would come from strategies other than life history. In this situation, habitat size, if large enough, may become an alternative way that provides sufficient microhabitats and potentially increases the possibility for niche differentiation. Interspecific spatial differentiation has been suggested in the Makhathini area of South Africa (Hamer and Appleton, 1991) . There, sympatric branchiopods were distributed horizontally in different parts of the local ephemeral pools, with Triops granarius (Lucas, 1864) , various clam shrimp, and a fairy shrimp Branchipodopsis sp. occupying the peripheral regions, and three species of Streptocephalus dominating the central re- gions. Instead of considering only two-dimensional aspect, this study is the first one to consider the distribution patterns in a large-scale 3-D manner, which demonstrated significant differentiation among the three sympatric branchiopods both horizontally and vertically. The presented results showed random hot-spotting in the horizontal dimension, but relatively fixed stratification in the vertical dimension.
A simpler method, adopting few transect lines across the pool radically as used by past studies (Thiéry, 1997; Mura, 2004) , can also serve to investigate the distribution and association of branchiopod species in an ephemeral pool with less efforts of field work. However, most ephemeral pools studied were quite small in geographic scale with substantial change in habitat characters within very short distance. Furthermore, the distribution patterns of branchiopod species in a pool may not be regular and the clumping hotspots can change constantly, as presented in this study. Under this situation, the data gathering from only few sampling sites/lines and the uneven coverage of sampling efforts between center and edge, both of which might lead to increased bias and uncertainty of the results, may not be able to show the exact distribution pattern of branchiopod in a pool representatively. Siangtian Pond, unlike many other ephemeral pools in topographical scale, is characterized by not only the large water volume and depth but also the irregular bottom topography. The concentric lines of sampling provide finer resolution, more evenly coverage from edge to center, and across different depth layers of a pool. This new method may costs some more efforts on survey than traditional radical-lines. We believe this method can be easily applied to other ephemeral pools with smaller size.
This study shows that all the three branchiopod species were not distributed randomly, but aggregated at certain hotspots. Since B. kugenumaensis and L. biformis are bisexual, a clumped distribution would facilitate the efficiency of finding mates and reduce the risk of Alee effect (Sarnelle and Knapp, 2004) . On the other hand, the reproductive mechanism of E. braueriana is androdioecy (Weeks et al., 2006) with only few males in our case (<10% in a cohort with hermaphrodites dominant, Wan-Ping Huang, unpublished), may suffer less pressure of Alee effect, and reduce urgent need to aggregate together for mating. They should more likely be randomly distributed. However, this prediction is in contrast to our results, whereby E. braueriana indeed aggregated at spatial hotspots. We suspect that E. braueriana could possibly suffer some pressure of interspecific competition with L. biformis, which deserve further manipulation experiments.
The differentiated vertical distribution pattern of B. kugenumaensis and L. biformis could be suspected to be associated with a variety of factors such as feeding behavior, dietary preference, etc. Fairy shrimps, for instance, are mostly free-swimmer and nonselective filter feeders (Bernice, 1971; Brendonck, 1993; Paggi, 1996; Brendonck et al., 2008) . They mainly feed on suspended particles in open water, but not at the bottom, which has more vegetative cover (Hamer and Appleton, 1991) . By contrast, the feeding behavior of clam shrimps is quite different. Lynceus is basically a benthic feeder, consuming mainly detritus by scraping it from various surfaces (Fryer and Boxshall, 2009 ). Our preliminary behavioral observation of laboratory cultures of E. braueriana and L. biformis is consistent with above description. Comparable observation on feeding patterns in the field may be difficult to apply in our case for the whole inundation period, but can be executed during the last few days when pool shrunk into smaller size with shallower depth. Possible factors influencing their spatial distribution could be also affected by dispersal ability, which could be related with their morphology and behavior. Lynceus spp. can employ all their limbs for propulsion, which makes them better swimmers, while Eulimnadia spp. only use their second antennae to swim and could be a slower mover (Fryer and Boxshall, 2009) . This difference in dispersal ability may influence their spatial distribution patterns. Our study, however, did not show significant stratification effect of E. braueriana due to the very small population size. Further study on direct behavior observation is invited to clarify the details of differentiation mechanism between these two benthic feeding clam shrimps.
Our study pointed that the fairy shrimp B. kugenumaensis displayed a peripheral distribution. This edge aggregation of live fairy shrimps was also reported by Hamper and Appleton (1991) , although only one of his four fairy shrimps species showed this phenomenon. Other studies have demonstrated the peripheral distribution of their cysts only (Hildrew, 1985; Mura, 1991; Thiéry, 1997; Mura, 2005) and thus indirectly reflect the possible edge preference of some fairy shrimp adults of other taxa. Other proposed dispersal mechanisms pertaining to cysts distribution principally concern the action of wind (Thiéry, 1997; Mura, 2005) as a passive factor shaping cyst dispersal of branchiopods (Graham and Wirth, 2008; Vanschoenwinkel et al., 2008) . Although cysts usually sink to the bottom after deposition, some can remain afloat and have the potential to be redistributed (Thiéry, 1997; Brendonck and De Meester, 2003; Mura, 2004) . This could result in a peripheral distribution of cysts and adults through their drifting to the margins. The effect of all these mechanisms on the horizontal distribution of B. kugenumaensis merits further study.
The potential competitive pressure in an ephemeral pool can change through time of an inundation episode. The daily shrinking in water volume and continuous growth of branchiopod can escalate pressure up gradually. Thus, mechanisms of niche differentiation through strategy of differentiated spatial use, which was what we observed in this study, would help to reduce the stress of competition. During the last few days of an inundation, water volume becomes so limited that all branchiopods were crowded in several remaining sites (approximating 50 individuals per liter water) and no space for differentiation.
In conclusion, the highly unpredictable, variable, and short-lived characteristics of Siangtian Pond prompt the three branchiopods B. kugenumaensis, E. braueriana, and L. biformis to adopt not only closely synchronized life cycles but also differentiated spatial usage to reduce competition pressure. Our results demonstrated that these branchiopods occupied different spaces both horizontally and vertically. We concluded that the spatial distribution of these three sympatric branchiopod populations in Siangtian Pond showed significant niche differentiation.
